The removing of fluoride from water is highly desired from the viewpoint of environmental protection and sustainable development due to the adverse impacts on human and ecosystem. In this study, the hierarchical porous layered double hydroxide (LDH)/biomass carbon fiber (BCF) has been successfully fabricated by the combined sol-gel, carbonization and hydrothermal processes using sustainable bamboo fibers as raw material based on the assembly the LDH nanosheets on BCF surfaces. Structural characterization indicates that the LDH nanosheets were attached to the BCF surface via in situ crystal growth. N 2 sorption measurements show that the LDH/BCF has relatively uniform accessible mesochannel size of 3.56 nm, and the surface area is as high as 39.89 m 2 /g. The resulting LDH/BCF exhibit a noticeable enhanced adsorption capacity for fluoride removal compared to that of Al 2 O 3 /BCF, accompanied by 15.21 mg/g of the adsorption capacity. The presence of the high negative charge anions had negligible influence on fluoride adsorption. Importantly, recovery adsorption capacity for fluoride was obtained for LDH/BCF for 5 consecutive cycles without a significant decrease in its adsorption properties. Therefore, the current research can offer a green approach to fabricate LDH/BCF with hierarchical structures for efficient removing fluoride from water, and the fabricated LDH/BCF will be an excellent candidate for pollution control based on the synergistic effects of BCF and LDH, high adsorption properties with good reusability.
Introduction
Groundwater and surfacewater, which are the main source of domestic and agricultural water in underdeveloped countries, their contaminations by fluoride ions have raised great concerns because the excess fluoride ions can cause potential risk to human and animal health by drinking water or food chain [1] . Long-term drinking of high-fluorine water can result in dental fluorosis, skeletal fluorosis [2] , as well as the lesions of tissues and organs (such as the endocrine glands, thyroid and liver) [3] . Fluoride contamination in the groundwater occurs in any parts of world, particularly in Bangladesh, Thailand, Pakistan, China, India, Africa, and Mexico [4] . Elevated fluoride concentrations in the groundwater derives mainly from natural dissolution of minerals from rocks and soils [5] . In addition, excess fluoride in surface water is prevalent in wastewaters derived from glass industry, metallurgy, phosphorus ore processing, electroplating and high-tech industries such as photovoltaics, semiconductor industry and electronic ceramics [6] . Therefore, the fluoride contaminated water has to be treated before it is discharge.
It is well recognized that the quality of agricultural water is very important for food safety and quality of life. Toxic cations, such as heavy metal ions, have been a serious ecological problem due to bioaccumulation through the food chain, while anions, such as SO 4 2− , Cl − and CO 3 2− , can cause soil consolidation or decrease soil fertility [7] . It is common that the groundwater (or surface water) can be used directly without purification for agricultural irrigation. The poisonous agricultural water containing heavy metal ions has induced more and more public concerns, and numerous investigations have focused on the removal of heavy metal ions from agricultural water. However, little is known about how anionic contaminants can influence the agricultural crops and in turn alter the agricultural products. There are some reports indicating that fluoride can inhibit enzyme activity of plants that involved in DNA transcription and replication processes [8, 9] . In addition, fluoride can also interfere with proteins and disrupt the metabolism, pespiration and photosynthesis of plants [10] . Recent reports demonstrated that fluoride ions in agricultural water can enhance the solubility of metal oxide, causing the bioaccumulation of harmful ions and inhibition of phosphorus absorption [8] . Therefore, efficient treatment of fluoridecontaining wastewater is essential for food safety, following the rapid development of agricultural engineering.
To date, a variety of methods such as adsorption [11] , chemical precipitation [12] , electrodialysis [13] and membrane processes [14] have been used to remove or separate fluoride from water. Despite this, effective technologies are sought because, although some of these defluoridation methods are very effective in removing fluoride from water (e.g., electrodialysis or membrane processes), they have several drawbacks, i.e., high operational and maintenance costs, the production of residual toxic by-products and complicated procedures. Recently, functional nano adsorbents are drawn the significant attention based on the extreme selectivity to the fluoride and high adsorption properties due to the basic simplicity of the adsorption process. In particular, some interesting properties of nano-adsorbents such as their high adsorption capacity, high BET specific surface area, porous structure and surface functionalization make them highly suitable materials for gas adsorption. Moreover, the nano-adsorbents have exhibited no internal diffusion resistance during the adsorption, which makes the fluoride adsorption more effective. However, the high surface energy of nano-adsorbents makes them extremely reactive, and most systems undergo aggregation. Moreover, nanosized nano-adsorbents are difficult to recycle from the reaction media, which may cause secondary pollution of water. Therefore, key point for fluoride adsorption is the possibility to regenerate the adsorbent and to recycle it for repeated use.
For water treatment, a reliable adsorbent for defluorination must exhibit not only rapid adsorption kinetics, but also high fluoride adsorption efficiency and selectivity. Therefore, seeking a simple method for cost-effective and large-scale preparation of fluoride adsorbents with high adsorption capacity remains a severe challenge. Biomass carbon (BC) is a stable carbon dominant material with a highly porous structure which is produced by thermal stabilization of biomass under oxygen depleted conditions [15, 16] . The application of BC materials is considered a promising, cost-effective, eco-friendly alternative materiaapproach for fluoride adsorption due to their renewable, abundant functional groups and porous structure features. The adsorption sites of adsorbents used in fluoride adsorption significantly affects the adsorption process (equilibrium state and adsorption kinetic), since the adsorption capacity and adsorption strength are controlled by surface sites. However, the BC materials have low fluoride adsorption properties due to the limited surface sites. To obtain high surface activity (high porosity and high surface area) and excellent fluoride adsorption efficiency, it is of interest to develop the BC composites that combine the advantages of BC materials and the functional properties of nano-adsorbents.
The purpose of this study is to fabricate LDH/BCF composites by using the biomass as a precursor of BC, and its application for fluoride removal. The BCF materials with fiber structures are prepared by carbonization of bamboo fiber. Then, LDH/BCF composites are prepared simply by in situ growth of LDH nanosheets on the surface of BC materials. Batch adsorption experiments were conducted to investigate the fluoride removal properties. These results indicate that the LDH/BCF have potential as a green cost-effective adsorbent for treatment of fluoride-containing wastewater.
Materials and methods

Preparation of LDH/BCF
The LDH/BCF was prepared based on the sol-gel and carbonization processes described by our previous study with some modifications [17, 18] . Typically, 0.5 g of treated cellulose was immersed into the 200 mL of alumina sol under ultrasound for 10 min. After that, cellulose was washed with deionized water several times to remove non-adsorbed metal ions. After being dried at 100 °C for 12 h, the aluminum coated biomass cellulose was calcined at 600 °C for 4 h under flowing nitrogen to obtain Al 2 O 3 /BCF.
The preparation of LDH/BCF was prepared by the hydrothermal method that involves in situ growth of LDH nanosheets on the fiber surface. Briefly, the above Al 2 O 3 /BCF was added into the 100 mL of alumina sol under ultrasound for 10 min, followed by drying at 160 °C for 12 h. The dried samples were immersed in 60 mL the mixed solution containing Mg(NO 3 ) 2 (0.513 g) and HMT (0.56 g). Then the mixtures were transferred to a 100 mL of Teflon-lined autoclave for hydrothermal treatment at 120 °C for 16 h. After that, the LDH/BCF was collected, washed with deionized water, and dried at 100 °C for 12 h. Finally, the obtained LDH/BCF products were calcined under nitrogen at 500 °C for 4 h to obtain fluoride adsorbent.
Fluoride adsorption
The fluoride adsorption was performed by batch adsorption experiments and was conducted by mixing 0.1 g of LDH/BCF with 50 mL of fluoride solution at different initial concentrations. The effects of the adsorption factors, such as pH, interfering ions, adsorption times and temperatures, were investigated by variation of experimental conditions. The equilibrium isotherms were investigated by varying the fluoride concentrations and adsorption temperatures, while the adsorption kinetics were investigated by varying the adsorption times and temperatures. After adsorption, the fluoride concentrations in the solution were analyzed with a fluoride ion selective electrode (PF-1), then the amount of adsorbed fluoride was calculated from following equation:
where q t is the fluoride adsorption capacity (mg/g) at time t, C 0 and C t are the fluoride concentrations, V is the volume (mL) of fluoride solution and m is the mass (g) of adsorbents dose.
Results and discussion
The LDH/BCF is obtained by using the combined method that involves carbonization and in situ growth method. Firstly, the Al 2 O 3 /BCF was prepared through the thermal decomposition of aluminum sol coated biomass. Then, LDH nanosheets were formed at the crystal growth stage under hydrothermal conditions. Additional file 1: Fig. S1 displays the representative SEM images of Al 2 O 3 / BCF and LDH/BCF with different magnifications. As shown in Additional file 1: Fig. S1(A) and (B) , the Al 2 O 3 / BCF exhibits fiber structures with fairly smooth surface and the diameter of Al 2 O 3 /BCF mainly ranged from 20 to 25 μm. In addition, the trenches were found on the surfaces of Al 2 O 3 /BCF along the fiber axial. It has been demonstrated that the in situ growth technology is able to fabricate hierarchically structured LDH with high surface activity on the surface of carbon material, alumina fiber, glass substrate [19, 20] . Additional file 1: Fig. 1S (C) and (D) show a typical SEM image of LDH/BCF. Compared with the Al 2 O 3 /BCF, a layer of LDH nanosheets were observed on the surfaces of BCF which endowed the high BET specific surface area of LDH/BCF, indicating that the LDH nanosheets were attached to the BCF surface by carbonization of biomass followed by in situ growth. The LDH nanocrystals with sheet-like structure of 0.5-1.5 μm and good dispersion were formed on BCF surface. The exposed LDH nanosheets also present the
possibility for further binding with fluoride ion for pollution treatment.
To determine the crystal structure of the biomass materials, XRD measurement was conducted and the XRD patterns are presented in Fig. 1 . The XRD pattern of Al 2 O 3 /BCF displays a broad and low diffraction peak at 2θ = 23.5°, which is corresponding to the (002) plane of biomass carbon. However, as illustrated in Fig. 2 , there is no characteristic peak of Al 2 O 3 and only BCF characteristic diffraction remained due to the amorphous nature of Al 2 O 3 . After decorated by LDH nanosheets, the characteristic diffraction peaks appear at 11.64°, 23.42°, 34.88°, 39.38° and 47.00°, which correspond to the (003), (006), (012), (015), and (018) planes of LDH. Simultaneously, the diffraction peak of BCF is observed. In this case, the introduction of functional LDH nanosheets on the surfaces of BCF can increase the fluoride adsorption capacity of LDH/BCF due to the combination of the advantages of both LDH nanosheets and BCF.
The solution pH controls the surfaces charge density of LDH/BCF and influence the degree of fluoride adsorption. Figure 2a shows the influence of pH on the fluoride adsorption capacities of LDH/BCF. As can be seen from the Fig. 2a , the solution pH of the solution is crucial for fluoride adsorption and the optimum pH for fluoride adsorption appeared at pH 3.5-9.0. At the low pH region, the layer structures of LDH may damage at acidic environments and thus reduces the fluoride adsorption capacities. At the high pH region, the surfaces of LDH/ BCF were exposed and carried positive charges, which results in the electrostatic repulsions between fluoride ions and adsorbents. The fluoride adsorption was low due to the presence of OH − ions competing with the fluoride ions for the adsorption sites of the LDH/BCF. The maximum fluoride adsorption capacity of LDH/BCF [11] . In addition, it can be obviously seen that the LDH/BCF have higher fluoride adsorption capacities than that of Al 2 O 3 /BCF. The LDH on BCF surfaces can adsorb more fluoride ion due to its high anion exchange capacity.
The selective fluoride adsorption by LDH/BCF is an important factor because the various kinds of anions existed in actual surface water and groundwater. In consideration of several co-existing anions existed with fluoride species at high levels in natural waters, it is significant to affect the adsorption capacity of LDH/BCF sample towards fluoride under the circumstance of the co-existing anions, in which the competitive adsorption of co-existing anions to the adsorption sites may affect the fluoride adsorption capacity. The effects of CO (1) by affecting the competition of the co-existing anions and fluoride ions for available adsorption sites; (2) by affecting the ion exchange, and the high negative charge anions can easily be incorporated into the interlayer galleries of LDH. In addition, it can be seen that the fluoride adsorption capacities of the LDH/BCF synthesized in this work are higher than that of Al 2 O 3 /BCF owing to the introduction of LDH nanosheets. The LDH/BCF synthesized in this work have more available adsorption sites and stronger electrostatic interactions with fluoride ions that bare BCF.
The adsorption capacities of fluoride ions on LDH/ BCF were investigated via equilibrium experiments via control the fluorine concentrations and adsorption temperatures. Figure 3 shows the fluoride adsorption isotherms together with the Langmuir model's fit. As it indicates, the adsorbed fluoride at equilibrium gradually increased with increasing equilibrium fluoride concentrations. Comparison of several reported defluorination materials (Table S1 ), the LDH/BCF exhibited excellent fluoride adsorption capacities. The maximum adsorption capacities of fluoride on Al 2 O 3 /BCF and LDH/BCF were 9.18 mg/g and 15.21 mg/g, respectively. However, the BET surface area of LDH/BCF is lower than that of Langmuir and Freundlich models [21] were applied to describe the fluoride adsorption process. By contrast, the experimental data of isotherm fitted well with the Langmuir isotherm model. The statistical values R 2 for Langmuir isotherm model (R 2 = 0.99), suggesting that the fluoride adsorption could be well described by monolayer sorption model. Figure 3 shows the Langmuir fits for fluoride adsorption onto LDH/BCF at different temperatures. The experimental data are very close to the Langmuir curve with the accurate calculation of q max (17.56 mg/g), implying that the surfaces active sites are homogeneously distributed on LDH/BCF.
The fluoride adsorption temperatures not only determine the adsorption isotherms, but also control the fluoride adsorption kinetics. The effect of adsorption temperature and adsorption time on fluoride adsorption was examined, and the results are shown in Fig. 4 . Fluoride adsorption capacity gradually increased with the adsorption time, and the time required to reach the adsorption equilibrium of LDH/BCF was nearly 90 min, which was similar to the equilibrium adsorption time of fluoride onto CeO 2 /Al 2 O 3 composites as reported in our previous works [2] . The rapid kinetics are mainly attributed to the hierarchically porous of LDH/BCF, which could favor for the accessibility of fluoride intercalation and diffusion into the interiors of materials. In addition, the adsorption kinetics reveal that fluoride adsorption capacity increased with the adsorption temperature, and the maximum fluoride adsorption capacity was increased from 10.34 to 13.23 mg/g with increasing of adsorption temperatures from 15 to 45 °C. The adsorption kinetics indicate the endothermic process of fluoride adsorption, which is in good agreement with the above adsorption isotherms. Such temperature dependence of favorable fluoride adsorption illustrates that the fluoride uptake onto LDH/BCF is driven by surface reaction process spontaneously.
The above-mentioned fluoride adsorption processes were fitted by pseudo-first order equation, pseudo-second order equation and intraparticle diffusion kinetic models [22] [23] [24] and the results are displayed in Table 1 . The fitting results indicated that the data were better fitted to the reaction model than to the diffusion models. The very accurate calculation of maximum fluoride adsorption properties as well as the relatively high correlation coefficient (R 2 ) values indicate that fluoride adsorption onto LDH/BCF followed the pseudo-second order kinetic model. The characteristic adsorption curves are related to the surface interaction by analyzing pseudo-second order kinetic model. The fast fluoride adsorption rate and the high fluoride adsorption capacity indicated that LDH/BCF was potential adsorbents for defluorination.
To investigate the surface properties changes after adsorption, XPS was used to investigate the compositions and chemical state of the elements on adsorbents, providing useful information on fluoride adsorption process. Figure 5 shows the XPS spectra of LDH/BCF absorbents before and after fluoride adsorption. As can been in wide-scan XPS spectra (Fig. 5a) , the peak positions of aluminum, oxygen and carbon are consistent with the previous report, and the peaks of magnesium and fluorine are observed evidently. The Mg 2p and Al 2p spectra in Fig. 5b indicates that the peak at 50.1 eV and 75.1 eV are typical of mixed metal oxide on the surfaces of BCF. Figure 5c displays the highresolution C 1s spectra. It is indicated that higher binding energy shown at 283.17 eV, 284.78 eV, 286.32 eV and 289.11 eV are assigned to In addition, slight changes are observed in the characteristic peak of Al 2p. Hence, the adsorption reaction may be involved in fluoride ions and hydroxide group. Similar results were also obtained by FT-IR spectra (see Additional file 1: Fig. S3 ).
In conclusion, LDH/BCF was prepared by the combined sol-gel, carbonization and hydrothermal processes using sustainable bamboo fibers as raw material. Morphological and structural characterizations were performed using SEM, XRD and BET analyses. The results confirmed that the surfaces of the BCF are covered by a layer of LDH nanosheets, forming the hierarchical porous structures. The BET surface areas of Al 2 O 3 /BCF and LDH/BCF are 59.61 and 39.89 m 2 /g, respectively. The LDH/BCF have higher fluoride adsorption capacity than that of Al 2 O 3 /BCF due to its high anion exchange capacities. The solution pH of the solution is crucial for fluoride adsorption and the optimum pH for fluoride adsorption appeared at pH 3.5-9.0. The relatively high correlation coefficient values from the experimental and fitting values of the isotherm and kinetics demonstrated that fluoride adsorption processes onto the LDH/BCF adsorbent were well fitted using the Langmuir isotherms model and pseudo-second order model. Interestingly, the LDH/BCF maintained stable and high adsorption capacity for fluoride over 5 consecutive cycles. Therefore, the LDH/BCF was found to be a promising adsorbent for removing fluoride from fluoride contaminated water. 
